Antimicrobial peptides (AMPs) are evolutionarily ancient molecules that play an essential role in innate immunity across taxa from invertebrates to vertebrates. The evolution system of AMP system has not been well explained in the literature. In this study, we cloned and sequenced AMP transcriptomes of three frog species, namely Rana dybowskii, Rana amurensis, and Pelophylax nigromaculatus, which are partially sympatric in northeast Asia, but show different habitat preferences. We found that each species contained 7 to 14 families of AMPs and the diversity was higher in species with a large geographic range and greater habitat variation. All AMPs are phylogenetically related but not associated with the speciation process. Most AMP genes were under negative selection. We propose that the diversification and addition of novel functions and improvement of antimicrobial efficiency are facilitated by the expansion of family members and numbers. We also documented significant negative correlation of net charges and numbers of amino acid residues between the propiece and mature peptide segments. This supports the Net Charge Balance Hypothesis. We propose the Cut Point Sliding Hypothesis as a novel diversification mechanism to explain the correlation in lengths of the two segments.
Introduction
Amphibians live in humid or aquatic environments that support the growth of complex microbial communities, including pathogenic microbes. Unlike higher vertebrates whose bodies are well protected by a thick and hard keratin layer, this class of organisms has only one or two layers of mild keratinocyte cells on the body surface, making the skin highly permeable and vulnerable [1, 2] . Such a weak physical barrier cannot provide guaranteed protection from pathogenic attacks. As compensation, amphibians have a powerful antiseptic barrier in the skin that is made up of antimicrobial peptides (AMPs), small cationic and amphipathic peptides highly efficient at destroying microbial pathogens [3, 4] . set of novel AMPs to the growing database for anurans, information that could benefit future biological studies and/or drug development.
Materials and Methods

Collection of Skin Tissues
A total of 12 adult frogs of each of our three study species were collected from various habitats in northeast China, including riverbanks (n = 3 for each species), paddy fields (n = 3 for each species), ponds in woodlands (n = 3 for each species), and natural saline-alkaline wetlands (n = 3 for P. nigromaculatus only because the other two species did not occupy this habitat). Three additional individuals of each species were captured from riverbanks and raised in the lab for 3 weeks in fully aerated fresh water. Water was replaced once each day and the frogs were fed mealworms. Three biological repetitions were evaluated for each habitat. The frogs were killed by pithing the spinal cord and brain. Dorsal skin was removed and immediately frozen in liquid nitrogen for storage prior to study.
Cloning of cDNA of Antimicrobial Peptide (AMP) Genes
A piece of frozen dorsal skin weighing about 100 mg was ground into powder in liquid nitrogen. Total RNA was extracted using the Trizol method (TRIzol, TaKaRa, Japan) according to the manufacturer's instructions. After quantification using NanoPhotometer-N50 (Implen, Germany), all RNA extracts of each species were pooled equally. Complementary DNA (cDNA) was synthesized using an RNA PCR Kit (AMV) Ver3.0 (TaKaRa, Japan). Briefly, a universal primer PC: 5 -T23 (C/G/A)-3 was used to synthesize the first-strand cDNA with input of 500 ng pooled total RNA in a 10 µL system following the instructions provided in the user manual of the kit. The reaction program consisted of 42 • C/30 min, 99 • C/5 min, and 5 • C/5 min.
A total of 10 degenerated forward primers, named PS1~PS10, were designed based on the conservative sequence in the signal peptide region of known anuran AMP genes using Primer-BLAST (NCBI), theoretically amplifying all families of AMPs of anurans. The universal primer PC was used as the reverse primer. All primer sequences are shown in Table 1 . PCR amplifications were carried out using reverse transcription products as templates in a 50 µL system containing 10 µL 5× PCR buffer and 0.25 µL TaKaRa Ex Taq HS (5 U/µL) (TaKaRa, Japan), 1 µL (10 µmol/µL) forward primer, and 10 µL template. Thermal cycling program was 94 • C/2min, (94 • C/30s; Ta/30s; 72 • C/30s) for 35 cycles; 72 • C/5 min. PCR products were separated on 1.5% agarose gel. The target fragments were excised and recovered using DNA purification kit (AXYGEN, USA). Table 1 . Primer sequences used for antimicrobial peptides' (AMPs') amplification.
Primer
Sequence ( PCR products were ligated to the pMD-18T vector and transformed into Escherichia coli DN5α competent cells using a pMD-18T connection kit (TaKaRa, Japan). The competent cells were cultured for 12-16 h on LB medium containing 50 µg/mL Ampicillin. Single colonies were picked up and transferred to liquid LB medium for culture for about 2-3 h till OD600 reached 0.5. A sample of the bacteria solution measuring 1 µL was used as template for screening positive clones in the same PCR system as mentioned previously. Positive clones were sequenced using M13+/M13-primers using the BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific, USA).
Prediction of Physicochemical Properties and Secondary Structure of Antimicrobial Peptides (AMPs)
For obtained sequences, vector sequence was removed from AMP sequence using the software EditSeq in the DNAstar software package (version 7.1.0, DNASTAR, Madison, Wisconsin, USA). All sequences were aligned and compared using MegAlign software in the same package. A cDNA sequence was determined using identical sequences from at least three different clones. Each cDNA sequence was blasted in the GenBank database (accessed on 20 October 2015). The signal peptide, acidic propiece, and mature peptide region was determined according to the annotation of homogeneous peptides. The amino acid logos of the mature peptides for all three frog species were created through the website WebLogo 3 [28] . Phylogenetic trees were constructed for all AMP cDNA sequences after the untranslated region was cut off. Trees were inferred by Akaike Information Criterion (AIC) for automatic model selection using PhyML-SMS on the Booster website [29] . The stability of phylogenetic trees was tested by bootstrap resampling analysis of 1000 replicates using BOOSTER [30] , using only the branches with transfer bootstrap expectation (TBE) higher than 60. The tree was embellished at the EvolView website [31] . With reference to homologous sequences in GenBank, each clade with common characteristics, including length of each region, putative sequence, and secondary structure of matured peptide, was assigned to a family. For novel AMP sequences that had no homologous sequence registered in GenBank, we named them according to the nomenclature guideline [32] . All confirmed AMP gene sequences were deposited to the NCBI database. Meanwhile, DnaSP (version 6.12.03, Universitat de Barcelona, Barcelona, Spain) [33] was used to analyze the nucleotide diversity of the cDNA sequences of each AMP family for the three frog species, expressed as Mean Pi value ± SD.
The cDNA sequence of each AMP was translated into amino acid sequences using EditSeq software. Theoretical molecular weight, isoelectric point, hydrophilicity, and stability were calculated using the tools provided at the online website ExPASy [34] . Secondary structural characteristics and solubility were predicted by means of websites [35, 36] . Then, the correlation between the length of acidic propiece and the length of mature peptide, and between the net charge of propiece and mature peptide were statistically analyzed by SPSS (version 19.0, IBM, Armonk, NY, USA)using 266 AMP amino acid sequences.
To test the selection pressure of genes in each AMP family, the ratio of nucleotide non-synonymous mutation rate (d N ) to synonymous mutation rate (d S ), d N /d S , usually expressed as omega (ω) was tested using the codemL program in PamL4.9h (version 4.9h, Ziheng Yang, University College London, London, England) under different codon substitution models M0 (one ratio) [37] . Using the same set of frog sequences, we also examined the transition (t s )/transversion (t v ) values of the propiece and the mature peptide with the program codemL.
Results
Cloning and Sequence Analysis of Antimicrobial Peptide (AMP) cDNAs
The total RNA extracted from the skin tissue showed two clear bands on 2% agarose gel under UV. The ratio of OD260/OD280 was around 2.0 and OD260/OD230 was greater than 1.8, demonstrating that the quality was high enough to support subsequent experiments. The total RNA of all samples was diluted to about 500 ng/µL with RNase-free water.
A total of 2718 positive clones were sequenced from the three frog species, 915 for R. amurensis, 879 for R. dybowskii, and 924 for P. nigromaculatus. A cDNA sequence was accepted for further analysis only if it possessed characteristics of AMP genes and was identical for at least three clones. In total, we obtained 81 cDNA sequences from R. amurensis, 79 sequences from R. dybowskii, and 106 sequences from P. nigromaculatus.
The phylogenetic tree ( Figure 1 ) demonstrated that the 81 AMP cDNA sequences of R. amurensis fell into 14 clades. Deduced amino acid sequences of 6 clades were homologous to 6 reported AMP families namely brevinin-2AM, japonicin-1AM, palustrin-2AM, ranacyclin-2AM, ranalexin-1AM, and temporin-AM. We did not find AMP records homologous for the remaining eight clades. Their deduced amino acid sequences were different from each other with unique characters. Therefore, we assigned a family name to each according to the nomenclature guideline: amurin-3AM, amurin-4AM, amurin-5AM, amurin-6AM, amurin-7AM, amurin-8AM, amurin-9AM, amurin-10AM.
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The 106 cDNA sequences of P. nigromaculatus were clustered to 13 clades ( Figure 3 ). Seven clades corresponded to reported AMP families, namely brevinin-1N, brevinin-2N, esculentin-1, esculentin-2, ranacyclin-N, ranatuerin-2N, and temporin-1. The other six clades were novel AMPs, and were assigned family names, viz, nigrocin-2N, nigrocin-3N, nigrocin-4N, nigrocin-5N, nigrocin-6N, and nigrocin-7N.
All cDNA sequences were deposited to GenBank. The accession numbers were: JF922716-JF922796 for R. amurensis cDNAs, MN503156-MN503234 for R. dybowskii cDNAs, and HQ639845-HQ639834 for P. nigromaculatus cDNAs. The 79 AMP cDNA sequences of R. dybowskii were clustered into 7 different clades, 4 of which were homologous to 4 AMP families, including chensirin-1, chensirin-2, chensirin-3, and amurin-3. Three clades had not been reported, and were named as dybowsin-1, dybowsin-2, and dybowsin-3 ( Figure 2 ). The 106 cDNA sequences of P. nigromaculatus were clustered to 13 clades ( Figure 3 ). Seven clades corresponded to reported AMP families, namely brevinin-1N, brevinin-2N, esculentin-1, esculentin-2, ranacyclin-N, ranatuerin-2N, and temporin-1. The other six clades were novel AMPs, and were assigned family names, viz, nigrocin-2N, nigrocin-3N, nigrocin-4N, nigrocin-5N, nigrocin-6N, and nigrocin-7N. All cDNA sequences were deposited to GenBank. The accession numbers were: JF922716-JF922796 for R. amurensis cDNAs, MN503156-MN503234 for R. dybowskii cDNAs, and HQ639845-HQ639834 for P. nigromaculatus cDNAs. 
Nucleotide Diversity of antimicrobial peptide (AMP) Families
Nucleotide Diversity of Antimicrobial Peptide (AMP) Families
Except for nigrocin-4N in P. nigromaculatus and brevinin-2AM in R. amurensis, which had only one cDNA sequence each, nucleotide diversity (π) of the remaining 32 AMP families was analyzed ( Figure 4 ). The average nucleotide diversity of all AMPs of R. amurensis ranged from 0.007 ± 0.003 to 0.104 ± 0.023, averaging 0.040 ± 0.010. The highest diversity was seen in the family temporin-AM (average 0.104 ± 0.0023), and the least in family amurin-9AM (0.007 ± 0.003). The nucleotide diversity of AMP families varied little even in R. dybowskii, for which π values ranged between 0.025 ± 0.002 and 0.053 ± 0.003, averaging 0.104 ± 0.023. For P. nigromaculatus, π values of 9 of 12 AMP families also varied little, ranging from 0.014 ± 0.002 to 0.042 ± 0.009 with a mean 0.031 ± 0.007. However, three families namely esculentin-2, nigrocin-7N, and ranaturein-2N had high variation and set the upper limit at 0.121 ± 0.029. The average π value of the three families was 0.099 ± 0.021. 
Divergence Pattern of antimicrobial peptides (AMPs) in Three Species
A comprehensive phylogenetic tree was constructed for all 266 AMP cDNAs cloned from the three frog species using the Neighbor-joining method ( Figure 5 ). Similar to the cluster patterns in Figures 1-3 , the cDNAs of each family were perfectly clustered, and most branching was strongly supported by bootstrapping, shown as transfer bootstrap expectation (TBE) of 1000 replicates greater than 60. All main clades consisted of several families and showed both intra-specific and inter-specific diversification. For instance, clade A first diverged as a branch of family chensrin-1, then diverged into two clades, viz. the chensrin-2 clade and the ranalexin-1-amurin-5AM clade. The former clade was private to R. dybowskii and the later clade was private to R. amurensis but diverged intra-specifically into two families. Another example is clade B that split into two clades; one is the family chensrin-3 that diverged within the species R. dybowskii, and the other further diverged into two clades, dybowsin-1 that is private to R. dybowskii and brevinin-2N. However, a brevinine-2N gene further diverged inter-specifically to be brevinin-2AM that is possessed by R. amurensis. The most complex clade showing intra-and inter-specific divergence was clade E, in which all families presented deep sequence diversification within species and clades split into families belonging to different species. 
Divergence Pattern of Antimicrobial Peptides (AMPs) in Three Species
Prediction of Physicochemical Properties and Secondary Structure of antimicrobial peptides (AMPs)
The 81 AMP cDNA sequences isolated from R. amurensis encoded 33 mature peptides belonging to 14 families ( Figure 6 ). They were rich in Leucine (L) and Glycine (G). Family amurin-3AM and amurin-4AM were also rich in hydrophobic amino acid residues Phenylalanine (F) and Alanine (A). The molecular weight of these mature peptides ranged from 1487.8 to 3857.5. The theoretical isoelectric point (pI) values ranged from 7.94 to 12.60, averaged 9.34 ± 1.06, suggesting that they are alkaline AMPs (Figure 7 ). All peptides showed hydrophobicity, except for amurin-7AM that showed strong hydrophilicity (GRAVY = −1.31) ( Figure 8 ). The instability index varied widely (II = −23.21 to 87.83). Family amurin-5AM, amurin-3AM, and amurin-9AM had high instability index (74.29, 77.14, and 55.61, respectively), suggesting low stability. In contrast, all other families were stable with instability indices ranging from −23.21 to 42.19 ( Figure 9 ). Prediction of secondary structure showed that 66.7% of mature peptides were in allα conformation, others were mixed (Table A1 ). 
Prediction of Physicochemical Properties and Secondary Structure of Antimicrobial Peptides (AMPs)
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chensirin-3, dybowsin-1, dybowsin-2, and dybowsin-3 were enriched in hydrophobic amino acid residues, such as Valine (V), Alanine (A), Isoleucin (I), and Phenylalanine (F). The molecular weight ranged from 1406.8 to 3732.4. The pI ranged from 8.75 to 10.07, except for the family chensirin-1, whose pI was as low as 5.81 (Figure 7 ). All AMPs were hydrophobic with a compact pattern of pI values (Figure 8 ). Except for the family amurin-3 (53.31, 63.26) and chensirin-2 (43.01) that were predicted to be unstable, most of the AMPs showed high stability (Figure 9 ). The family chensirin-2 was in free curly structure, namely mixed, and all other AMPs were in all-α conformation (Table  A2 ). The 106 AMP cDNA sequences from P. nigromaculatus encoded 38 mature peptides of 13 families ( Figure 11 ). All these families were rich in Leucine (L). Family nigrocin-6N was rich in hydrophobic amino acid residues Alanine (A); family nigrocin-4N and nigrocin-5N were rich in polar amino acid Serine (S). The molecular masses of these 38 AMPs ranged from 1495.8 to 4876.9, and the pI values ranged from 4.00 to 10.06. Except for the family nigrocin-3N (pI=4.00) and nigrocin-4N (pI = 5.26), the remaining 11 families were alkaline AMPs (pI = 8.02~10.06) (Figure 7 ). Most AMPs were hydrophobic, with families nigrocin-2N and temporin-1 displaying strong hydrophobicity, while families nigrocin-4N, nigrocin-5N, and ranacyclin-N showed hydrophilicity (Figure 8 ). The predicted values of instability indices for nigrocin-5N (50.12), nigrocin-6N (49.29), and ranacyclin-N (55.08) suggested poor stability, while the remaining families had extremely high stability (Figure 9 ). The secondary structure of mature peptides of family ranatuerin-2N, nigrocin-6N, esculentin-2, and nigrocin-4N was in all-α conformation (Table A3) . 
Relationship between Propieces and Mature Peptides
For all 266 cDNA sequences, the number of amino acid residues of the propiece was negatively correlated with that of the mature peptide of the same sequence (r = −0.762, p = 0.000). Similar significant correlation was recorded for cDNAs of each species (R. amurensis: r = −0.645, p = 0.000; R. dybowskii: r = −0.931, p = 0.000; and P. nigromaculatus: r = −0.858, p = 0.000) ( Figure 12A ).
Relationship Between Propieces and Mature Peptides
The net charge numbers varied for mature peptides and propieces, with greatest variation in P. nigromaculatus, least in R. dybowskii, and middle in R. amurensis. For each species, we detected significant correlation of net charge numbers between propiece and mature peptide, negative correlation in R. amurensis (r = −0.399, p = 0.000) and R. dybowskii (r = −0.311, p = 0.005), and positive correlation in P. nigromaculatus (r = 0.155, p = 0.113) ( Figure 12B ). We did not detect significant correlation when data of the three species were pooled (r = −0.082, p = 0.182).
Figure 12.
Relationship between the acidic propiece and the mature peptide of antimicrobial peptides (AMPs) identified from three anuran species. A: The linear correlation between the length (the number of amino acid residues) of the propiece and the mature peptide (R. amurensis: r = −0.645, p = 0.000; R. dybowskii: r = −0.931, p = 0.000; P. nigromaculatus: r = −0.858, p = 0.000); B: linear correlation between the net charges of the propiece and the mature peptide (R. amurensis: r = −0.399, p = 0.000; R. dybowskii: r = −0.311, p = 0.005; P. nigromaculatus: r = 0155, p = 0.113).
Pattern of Nucleotide Substitution
ts/tv Ratio of Propieces to Mature Peptides
The families brevinin-2AM in R. amurensis and nigrocin-4N in P. nigromaculatus each had only one sequence and were discarded from the analysis of nucleotide substitution. The ts/tv ratio of all AMP families varied greatly for all three species. The ratio of propiece of R. amurensis ranged from as low as 0 to as high as 6.33 with a mean of 2.06 ± 2.07; The ratio of mature peptides of this species ranged between 0.00 and 4.04, and averaged 1.70 ± 1.00; The ratio of whole AMP cDNA was 2.00 ± 1.63 on average with a range between 0.00 and 6.13. In R. dybowskii, the ratio was 1.05 ± 0.74 on Figure 12 . Relationship between the acidic propiece and the mature peptide of antimicrobial peptides (AMPs) identified from three anuran species. A: The linear correlation between the length (the number of amino acid residues) of the propiece and the mature peptide (R. amurensis: r = −0.645, p = 0.000; R. dybowskii: r = −0.931, p = 0.000; P. nigromaculatus: r = −0.858, p = 0.000); B: linear correlation between the net charges of the propiece and the mature peptide (R. amurensis: r = −0.399, p = 0.000; R. dybowskii: r = −0.311, p = 0.005; P. nigromaculatus: r = 0155, p = 0.113).
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Pattern of Nucleotide Substitution
t s /t v Ratio of Propieces to Mature Peptides
The families brevinin-2AM in R. amurensis and nigrocin-4N in P. nigromaculatus each had only one sequence and were discarded from the analysis of nucleotide substitution. The t s /t v ratio of all AMP families varied greatly for all three species. The ratio of propiece of R. amurensis ranged from as low as 0 to as high as 6.33 with a mean of 2.06 ± 2.07; The ratio of mature peptides of this species ranged between 0.00 and 4.04, and averaged 1.70 ± 1.00; The ratio of whole AMP cDNA was 2.00 ± 1.63 on average with a range between 0.00 and 6.13. In R. dybowskii, the ratio was 1.05 ± 0.74 on average (0.00-1.63) for propiece, 2.70 ± 2.05 (0.78-7.31) for mature peptide, and 1.71 ± 0.53 (0.90-2.78) for the whole AMP cDNA. In P. nigromaculatus, the ratios of the two peptide sections were 1.51 ± 1.23 (0.23-4.73) and 3.35 ± 4.05 (0.00-12.92), respectively, and 3.08 ± 2.60 (1.70-11.32) for the whole AMP cDNA ( Table 2) . No significant correlation of t s /t v was detected between the propiece and the mature peptide for all three species (p > 0.05). 
d N /d S Ratio of Propieces and Mature Peptides Region
The number of non-synonymous substitutions (d N ) and the number of synonymous substitutions (d S ) were counted for propiece, mature peptide, and whole cDNA for all families, but brevinin-2AM and nigrocin-4N had only one cDNA sequence. On the mature peptide region, the values of d N and d S were <1 (d N = 0.00~0.999 and d S = 0.00~0.89), except for family esculentin-2 (d S = 1.40). Similarly, for the acidic propiece region, d N value ranged from 0.00 to 0.61 and d S value ranged from 0.00 to 0.63, except for family amurin-6N (d S = 2.05).
To further visualize the selection mode of the propiece and mature peptide region, the d N was plotted against d S values for each family of the three species (Figure 13 ). The distribution of d N and d S values of R. amurensis in both propiece and mature peptide regions was relatively compact below 0.50, except for temporin-AM (d N = 0.99, mature peptide region) and amurin-6N (d S = 2.05, propiece region). For the mature peptide region, families amurin-3AM, amurin-5AM, ranacyclin-2AM, and temporin-AM plotted above the neutral line ω = 1, while families amurin-4AM, amurin-6AM, amurin-7AM, amurin-8AM, amurin-9AM, amurin-10AM, japonicin-1AM, palustrin-2AM, and ranalexin-1AM plotted below the neutral line ω = 1. For the acidic propiece region, families amurin-3AM, amurin-4AM, amurin-5AM, amurin-8AM, amurin-9AM, amurin-10AM, and japonicin-1AM plotted above the line ω = 1, while families amurin-6AM, amurin-7AM, palustrin-2AM, ranacyclin-2AM, ranalexin-1AM and temporin-AM plotted below the neutral line. The pattern of d N and d S values suggests that the mature peptide and acidic propiece region were all differentially selected.
propiece and mature peptide regions. All data for the mature peptide region plotted below the ω = 1 line, except for the family dyowsin-3 (ω = 1), suggesting that most AMPs were under negative selection in this region. In contrast for the acidic propiece region, families dyowsin-1, dyowsin-2, dyowsin-3, and chensirin-3 plotted above the ω = 1 line, while families amurin-3, chensirin-1, and chensirin-2 plotted below the neutral line ω = 1, suggesting that this region was differentially selected.
The range of dN and dS values for P. nigromaculatus was relatively wide, from 0.00 to 1.40. The data of the mature peptide region for families brevinin-1N, esculentin-1, nigrocin-2N, nigrocin-6N, and ranacyclin-N plotted above the ω = 1 line, while that for families brevinin-2N, esculentin-2, nigrocin-3N, nigrocin-5N, nigrocin-7N ranaturein-2N, and temporin-1 plotted below the neutral line ω = 1. Similarity for the acidic propiece region, families esculentin-2, nigrocin-5N, nigrocin-7N, ranacyclin-N and temporin-1 plotted above the ω = 1 line, and families brevinin-1N, brevinin-2N, esculentin-1, nigrocin-2N, nigrocin-3N, nigrocin-6N and ranaturein-2N plotted below the neutral line ω = 1. This suggested that the mature peptide and acidic propiece regions were differentially selected. The distribution of d N and d S values of R. dybowskii was relatively compact and <0.40 for both propiece and mature peptide regions. All data for the mature peptide region plotted below the ω = 1 line, except for the family dyowsin-3 (ω = 1), suggesting that most AMPs were under negative selection in this region. In contrast for the acidic propiece region, families dyowsin-1, dyowsin-2, dyowsin-3, and chensirin-3 plotted above the ω = 1 line, while families amurin-3, chensirin-1, and chensirin-2 plotted below the neutral line ω = 1, suggesting that this region was differentially selected.
The range of d N and d S values for P. nigromaculatus was relatively wide, from 0.00 to 1.40. The data of the mature peptide region for families brevinin-1N, esculentin-1, nigrocin-2N, nigrocin-6N, and ranacyclin-N plotted above the ω = 1 line, while that for families brevinin-2N, esculentin-2, nigrocin-3N, nigrocin-5N, nigrocin-7N ranaturein-2N, and temporin-1 plotted below the neutral line ω = 1. Similarity for the acidic propiece region, families esculentin-2, nigrocin-5N, nigrocin-7N, ranacyclin-N and temporin-1 plotted above the ω = 1 line, and families brevinin-1N, brevinin-2N, esculentin-1, nigrocin-2N, nigrocin-3N, nigrocin-6N and ranaturein-2N plotted below the neutral line ω = 1. This suggested that the mature peptide and acidic propiece regions were differentially selected.
Discussion
Interspecific Variation of antimicrobial peptide (AMP) Composition
Each AMP has an antimicrobial spectrum, and the spectra of different AMPs can overlap to form a broad, enhanced spectrum covering almost all microbial pathogens, given that the AMP system is highly diverse [38, 39] . By this means, frogs may successfully protect themselves from complex environmental pathogen communities. In this study, we obtained 266 AMP cDNA sequences from the skin of R. amurensis, R. dybowskii, and P. nigromaculatus. The three species varied greatly in AMP composition, with 14 families in R. amurensis, 7 families in R. dybowskii and 13 families in P. nigromaculatus (see Tables A1-A3 ). AMPs of each family had similar structure and physicochemical properties, while the structure and physicochemical properties varied greatly from family to family (Tables A1-A3 , Figures 7-9 ). This demonstrates that the three species sympatric to northeast China use different sets of highly diverse AMPs to cope with similar microbial environments.
All three frog species exhibited two levels of AMP diversity, within-family diversity, and among-family diversity. Nucleotide variation (Figure 4 ) and amino acid residue variation was recorded within families. Change of amino acid residue may result in alteration of the antimicrobial spectrum and efficiency [40, 41] . However, family members are often highly homologous. Therefore, the within-family variation of mature peptides may not significantly contribute to expansion of the antimicrobial spectrum. Instead, it might contribute to enhancement of antimicrobial efficiency against a specific group of pathogens with a few more alternative agents. The number of family members varied from family to family (Tables A1-A3 ), suggesting frogs have differential antimicrobial efficiency against different pathogens instead of indiscriminate defense. This strategy allows them to reduce energy costs for weak enemies and focus on deadly pathogens.
In contrast, among-family diversity showed great divergence of structure and physicochemical properties (Figures 7-9 ). Such divergence contributes to expansion of the antimicrobial spectrum [42, 43] . For each species, all AMP families were phylogenetically related (Figures 1-3 ), suggesting the expansion of AMP genes by duplication and diversification [44] . It was posited that such duplication is driven by positive selection where variants benefit the animal with the enhanced and expanded antimicrobial spectrum [17, 22] . However, we detected only a few families that were subject to positive selection, while most families were under either near neutral or various degree of negative selection (Figure 13 ). Negative selection suggests that the present forms and physicochemical properties are essential to cope with present pathogenic attacks, and changes may reduce the antimicrobial spectrum and efficiency, leading to reduction of individual fitness. When the defense network made up with such essential AMPs is adequate, the importance of some other AMPs could be reduced and selection pressure against mutations could decline. Given modification by mutation that leads to addition of novel functions that improve fitness, the AMPs would shift to be under positive selection. Apparently, negative selection can be relaxed only if the number of AMP variants is large enough, enabling some of them to become functional backups of others. In this scenario, gene duplication events, i.e., addition of family members and numbers, would have more essential evolutionary significance than diversification events.
This expectation was supported by the results of our study. As stated above, these species can share common habitat but also have discrete habitat preferences in areas where their ranges overlap. The range size and habitat variability of the three species rank in increasing order as R. dybowskii, R. amurensis, and P. nigromaculatus. AMP diversity detected here (Tables A1-A3 ) ranked in the same order, least in R. dybowskii (79 cDNA sequences encoding 24 mature peptides of 7 families), medium in R. amurensis (81 cDNA sequences encoding 33 mature peptides of 14 families), and greatest in P. nigromaculatus (106 cDNA sequences encoding 38 mature peptides of 13 families). The frogs of all three species were trapped in various habitats and a group of each species was raised in clean water. The degenerate primers for RT-PCR could theoretically amplify all families of AMPs of anurans and large numbers of clones were sequenced for each species. Therefore, we believe the transcripts of each species could represent the greatest AMP diversity although the isolation might not have exhausted all. The association between AMP diversity and habitat variability strongly implies gene duplication is the fundamental approach of adaptive evolution of the whole AMP system. Time-calibrated phylogenetic analysis showed that P. nigromaculatus separated from the genus Rana about 46.57 mya, and R. amurensis and R. dybowskii substantially separated around 13.25 mya [45] . However, our phylogenetic analysis showed that diversification of AMP was not associated with this speciation process ( Figure 5 ). AMPs of P. nigromaculatus did not exhibit early separation from those of the two Rana species. Instead, the same clade was shared by different species, but further diverged into species-specific families. This pattern suggests the evolution rate of AMPs of each family and among families is dynamic and strongly influenced by variation in habitat (pathogenic communities). During co-evolution between AMPs and pathogenic microorganisms [46] , each may have chances to shift from being under negative selection to neutral or positive selection based upon the dynamics of pathogenic pressure. This, in turn affects the dynamics of evolution rates.
Correlation between Propieces and Mature Peptides
The knowledge of mammalian α-defensins showed that the anionic propiece could prevent autocytotoxicity by neutralizing the cationicity of the mature peptide [47] . Therefore, there was a negative linear relationship between the net negative charge of the propiece and the positive net charge of the mature peptide [48] . We observed a weak but significant negative linear correlation of net charges between propiece and mature peptide in R. amurensis (r = −0.399, P=0.000) and R. dybowskii (r = −0.311, p = 0.005), but not in P. nigromaculatus (r = 0.155, p = 0.113). Our results also showed correlation to be associated with diversity of AMPs as the ranges of net charges varied greatly for the two segments in all three species. These results suggest that the "Net Charge Balance Hypothesis" is generally supported, but the requirements to prevent AMPs' autocytotoxicity by charge neutralization are not strict. This greatly relaxes natural selection against amino acid substitutions, highlighting an important mechanism for retention of high diversity of both mature peptide and propiece.
Interestingly, we found a strong negative linear correlation between the length of propiece and the length of mature peptide for the 266 AMP genes (r = −0.762, p = 0.000), and the same relationship was observed in each species ( Figure 12A ). This could not be explained with the Net Charge Balance Hypothesis, because the number of amino acid residues is not necessarily associated with net charges. Instead, we expect that the cut point between propiece and mature peptide for maturation (often KR, ER, and RR) may be occasionally cancelled by mutation and occasionally appear again at another position due to mutation, but the new mature peptide and propiece cropped by this means still maintain AMP characteristics and functions. We did not go deep into the Cut Point Sliding Hypothesis in the present study but it should be further tested in future studies.
Conclusions
The three partially sympatric anuran species were characterized by high diversity of AMPs. All AMPs were phylogenetically related but not associated with speciation. Diversification driving addition of favored functions and efficiency depends on the expansion of family members and numbers. Cut Point Sliding might be a new mechanism of diversification. AF (AMP Family); MW (Molecular Weight); The upper line is deduced amino acid sequence of mature peptide, and the lower line is the computed secondary structure wherein C stands for random coil, E stands for extended strand, H stands for helix [35] ; II (Instability index) provides an estimate of the stability of the protein in a test tube, stable when II is below 40 and instable if II is above 40 [49] ; GRAVY (Grand average of hydropathy) value is calculated by adding the hydropathy value for each residue and dividing by the length of the sequence, with a positive value indicating hydrophobicity and negative value indicating hydrophilicity [50] . SS (Secondary structure), sorted as all-α when H% >45% and E% <5%, all-β when H%<5% and E% >45%, α-β when H% >30% and E% >20% and mixed for all other situations [36] . AF (AMP Family); MW (Molecular Weight); The upper line is deduced amino acid sequence of mature peptide, and the lower line is the computed secondary structure wherein C stands for random coil, E stands for extended strand, H stands for helix [35] ; II (Instability index) provides an estimate of the stability of the protein in a test tube, stable when II is below 40 and instable if II is above 40 [49] ; GRAVY (Grand average of hydropathy) value is calculated by adding the hydropathy value for each residue and dividing by the length of the sequence, with a positive value indicating hydrophobicity and negative value indicating hydrophilicity [50] . SS (Secondary structure), sorted as all-α when H% >45% and E% <5%, all-β when H%<5% and E% >45%, α-β when H% >30% and E% >20% and mixed for all other situations [36] . AF (AMP Family); MW (Molecular Weight); The upper line is deduced amino acid sequence of mature peptide, and the lower line is the computed secondary structure wherein C stands for random coil, E stands for extended strand, H stands for helix [35] ; II (Instability index) provides an estimate of the stability of the protein in a test tube, stable when II is below 40 and instable if II is above 40 [49] ; GRAVY (Grand average of hydropathy) value is calculated by adding the hydropathy value for each residue and dividing by the length of the sequence, with a positive value indicating hydrophobicity and negative value indicating hydrophilicity [50] . SS (Secondary structure), sorted as all-α when H% >45% and E% <5%, all-β when H%<5% and E% >45%, α-β when H% >30% and E% >20% and mixed for all other situations [36] .
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